ABSTRACT: Direct predation by parrotfishes (Scaridae) may be an important stressor and mortality agent for reef-building corals, yet the patterns and consequences of such predation have received little attention. In a Belizean back reef habitat, we found that parrotfish predation caused mortality of the common reef-building coral Porites astreoides with >13% of P. astreoides colonies showing partial or total colony mortality. Predation was not uniformly distributed, as completely intact colonies occurred adjacent to heavily grazed colonies exhibiting > 50% tissue lost to parrotfish predation. We examined whether differential predation on P. astreoides colonies might reflect differences in either coral nutritional quality or in coral-associated macroborers. Nutritional quality of coral tissue, measured as C:N ratios, did not differ significantly between grazed and intact P. astreoides colonies. However, significantly higher densities of coral-associated macroborers (which included barnacles, polychaetes, and vermetid molluscs) were found in grazed portions compared to ungrazed portions of the same P. astreoides colony. Thus, one explanation for selective grazing on P. astreoides colonies is that parrotfishes may be targeting coral areas with higher densities of macroboring organisms. Comparison of C:N ratios among possible dietary components suggests that macroborer consumption could potentially provide nutritional benefits to mainly herbivorous parrotfishes. These results corroborate a growing body of evidence to indicate that parrotfish predation is an important source of coral mortality, and provide a novel explanation for selective coral predation by parrotfishes. 
INTRODUCTION
Scleractinian corals are the major architects of tropical reefs, providing the structural framework for a highly diverse assemblage of marine organisms. Because of their importance as ecosystem engineers (sensu Jones et al. 1994) , considerable attention has been given to various natural and anthropogenic factors that impact coral fitness (reviewed by Hughes et al. 2003) . Among natural factors, herbivorous fishes are typically considered critical to the maintenance of healthy coral reefs (Hughes 1994) , as their grazing activities indirectly benefit corals through preventing overgrowth by competitively superior macroalgae (Birkeland 1977 , Lewis 1986 , McClanahan & Muthiga 1998 . Parrotfishes are important components of this herbivorous fish fauna, using their fused beak-like jaws to graze epilithic and endolithic algae from dead carbonate substrates. Yet some parrotfishes also consume live coral, and parrotfish grazing may play a more complex role in reef dynamics than has been appreciated previously.
In a study of feeding behavior and jaw morphology of 24 scarine parrotfish species on the Great Barrier Reef, Bellwood & Choat (1990) found that corallivory was restricted to a few large, excavating species, including Bolbometopon muricatum, Chlorurus microrhinos, and Cetoscarus bicolor. Considerably less is known about parrotfish predation on Caribbean coral reefs, although there have been numerous anecdotal reports of parrotfish consuming live corals (Frydl 1979 , Bythell et al. 1993 , Bruggemann et al. 1994a ,b, Bruckner & Bruckner 1998 , Bruckner et al. 2000 . In spite of these observations, debate continues concerning the extent and importance of parrotfish corallivory on Altantic reefs (reviewed by Miller & Hay 1998) , reflecting a paucity of work that has systematically assessed the patterns and consequences of parrotfish predation for reef corals. Using coral transplants, previous studies have shown that susceptible coral species may be excluded from certain reef habitats by fish grazing activity (Neudecker 1979 , Littler et al. 1989 , GrottoliEverett & Wellington 1997 , Miller & Hay 1998 . Additional studies indicate that parrotfishes preferentially target certain coral species (Garzon-Ferreira & ReyesNivia 2001) , although the causes of such selectivity remain unknown. In addition, we still lack quantitative studies concerning the incidence, extent and consequences of parrotfish predation for a particular coral species.
The feeding habits of Indo-Pacific parrotfishes have been relatively well-studied (Bellwood & Choat 1990) , and corallivory has been found to be restricted to a few large excavating species that possess jaw stuctures capable of exerting large forces on the cutting edge. In the Caribbean, the most important coral grazing fish appears to be the stoplight parrotfish Sparisoma viride because of its large adult size. Numerous observations of adult S. viride feeding on live coral have been reported (Frydl 1979 , Bythell et al. 1993 , Bruggemann et al. 1994a ,b, Bruckner & Bruckner 1998 , Miller & Hay 1998 , Bruckner et al. 2000 , Sanchez et al. 2004 ). Parrotfishes produce distinctive grazing scars as they excavate portions of the skeleton along with live coral tissue; such scars consist of a series of parallel grooves caused by the crenulated edges of their fused teeth (Frydl 1979 , Bellwood & Choat 1990 . Sparisoma viride adults allocate 1 to 1.3% of their bites to live corals in shallow reef zones in Bonaire, Netherlands Antilles (Bruggemann et al. 1994a,b) . In previous work on the back reef habitat of Carrie Bow Cay, Belize, we observed that about 2% of all S. viride bites are taken on live Porites astreoides corals (S. Lewis unpubl. data), while no live coral consumption was observed for any other parrotfish.
To assess the causes and consequences of parrotfish predation on corals, this study was designed to address the following questions: (1) what is the incidence (% of colonies grazed) and extent (% tissue loss) of parrotfish predation on the common Caribbean coral, Porites astreoides; (2) is there differential predation by parrotfishes on particular P. astreoides colonies within a back reef habitat; (3) is selective parrotfish predation on P. astreoides explained by either differences in nutritional quality (measured as C:N) of coral tissue, or differences in abundance of coral-associated macroborers; (4) how do possible components of parrotfish diet compare in their nutritional quality (C:N)? Coral reefs worldwide are in decline (Hallock et al. 1993 , Knowlton 2001 , Gardner et al. 2003 , and answering these questions will provide insight into parrotfish predation as a potential source of chronic coral mortality.
MATERIALS AND METHODS
Study site. This study was conducted from July 2003 to February 2005 in a shallow (~1 m depth) back reef habitat at Carrie Bow Cay, Belize (16°48' N, 88°05' W) between the reef crest and a Thalassia-dominated reef flat (Ruetzler & Macintyre 1982) . Porites astreoides, a mound-forming coral, is the dominant coral species in this habitat. This habitat supports a high density of, and intense grazing by, herbivorous fishes, primarily species of Acanthurus, Sparisoma, and Scarus (Lewis & Wainwright 1985 , Lewis 1986 Coral mortality due to parrotfish predation. Because direct observations of parrotfishes consuming live coral are infrequent, we have followed Frydl (1979) and others (Littler et al. 1989 , Miller & Hay 1998 in using the presence of the distinctive grooved scars made by scarids grazing live coral (Fig. 1A) as an indicator of recent parrotfish grazing. Based on the above studies, the grazing scars we observed were most likely made by S. viride, but this assumption is not critical to our study.
To compare parrotfish grazing incidence on Porites astreoides across reef habitats, we surveyed live P. astreoides colonies for recent grazing damage across 6 reef habitats ranging from 1 to 18 m depth in February 2004. In each of these habitats, we surveyed all live P. astreoides colonies occurring within 5 × 60 m 2 belt transects, scoring each colony for presence or absence of recent parrotfish grazing scars. To determine the incidence of parrotfish grazing (percentage of colonies grazed) on Porites astreoides within the back reef habitat, we censused all P. astreoides colonies within a 2044 m 2 area (n = 2769 colonies). We scored each live colony for presence or absence of recent parrotfish grazing scars (defined as ≤1 wk old, based on the absence of algal turf colonizing the grazed area). In addition, P. astreoides colonies showing complete coral tissue mortality were classified into 2 categories: mortality likely due to parrotfish predation (based on distinct parrotfish grazing scars over most of the colony surface, with no algal turf colonization), or mortality from unknown causes. This latter category included dead P. astreoides colonies that had been overgrown by algal turfs; although these colonies also showed parrotfish grazing scars, these were on dead coral substrate covered by algal turf.
We chose a subset of 31 recently grazed Porites astreoides colonies within the back reef habitat to measure grazing extent (percentage of live colony surface area removed by parrotfish grazing). This subset represented all of the recently grazed P. astreoides colonies present within a 250 m 2 back reef area, and these colonies were individually marked to monitor changes over time. For each colony, we estimated the percentage (by quartile) of colony surface area lost to predation. We also photographed most of these recently grazed colonies (n = 27) to document initial damage in July 2003, and to monitor coral tissue regrowth 7 mo later.
Differences between grazed and intact Porites astreoides. To determine whether parrotfishes might preferentially graze areas of Porites astreoides with higher densities of macroboring organisms, we counted the number of surface-visible macroborers on grazed and intact P. astreoides. Compared to other scleractinians, P. astreoides shows relatively low susceptibility to boring organisms (Perry 1998) , but this species does host the endolithic barnacle Ceratoconcha domingensis (Sterrer 1986) , and tube-dwelling worms including both serpulid polychaetes (mostly Spirobranchus spp.) and vermetid mollusks (Dendropoma spp.). These long-lived macroborers are obligate associates of living coral; larvae settle on the colony surface and adults gradually extend their tubes as the coral grows outward (Smith 1984 , Nishi & Nishihira 1996 . In this study, we assumed that each macroborer occupied a single tube and produced a single hole. Such a 1:1 ratio between macroborers and vacant holes was confirmed by removing small areas of live coral (<1cm depth, similar to indents resulting from parrotfish grazing) on P. astreoides colonies with and without surface-visible macroborers, and in all cases the areas without macroborers lacked holes. We focused on surface-visible macroborers for 2 reasons.
Firstly, these organisms are visible to parrotfishes, which are highly mobile, mainly visually-orienting consumers. Secondly, enumeration could be accomplished without collecting and sectioning coral colonies.
We used 2 methods to compare macroborer densities between grazed versus intact Porites astreoides colonies. (1) We compared grazed versus intact portions of the same colony; this paired design controlled for differences among colonies in other factors that could potentially affect either their susceptibility to macroborers (e.g. differences in skeletal density) or to grazing (e.g. differences in nutritional quality, nematocyst density, chemical defenses). We selected a subset of 39 partially grazed colonies (including the 31 colonies measured for grazing extent) from the back reef area, and for each colony measured grazed and intact surface area (cm 2 ) using a flexible ruler. Colonies ranged in size from approximately 250 to 2500 cm 2 . In intact portions of each colony, we counted the number of surface-visible macroborers. In grazed portions of each colony, we counted macroborers, using the holes they once occupied (Fig. 1) . We compared macroborer density (combined endolithic barnacles and worms) in the intact versus grazed portion of each colony using a paired t-test. (2) We identified similarly sized grazed and intact P. astreoides colonies that were located within 1 m of each other (paired design, n = 11 pairs), and counted the number of surface-visible macroborers or holes (as above) on each colony; colony sizes were not measured for this comparison.
To determine if variation in nutritional quality (measured as C:N ratio) among Porites astreoides colonies might explain patterns of differential parrotfish predation, we conducted elemental analysis on coral tissue samples taken from 13 pairs of grazed and intact P. astreoides colonies in the back reef; grazed colonies were paired with nearby (within 1 m) colonies of approximately equal size that showed no evidence of grazing. Coral nutritional quality could not be compared using a within-colony paired design because no live tissue remains in grazed portions of colonies. Approximately 4 cm 2 of coral tissue was collected from each sample in July 2003 using a WaterPik Oral Irrigator with seawater and was dried at 60°C for elemental analysis as described below. We used a paired t-test to compare differences in nutritional quality between grazed versus intact P. astreoides tissue samples.
Nutritional quality of possible dietary components. We used C:N ratios to measure nutritional quality for several possible components of parrotfish diets, including algae, coral, and common macroborers of Porites astreoides. C:N ratios have traditionally been used as an indicator of nutritional quality (reviewed by Crossman et al. 2000 , Purcell & Bellwood 2001 ), although they only consider total (not dietary) carbon and nitrogen. We collected samples of Galaxaura subverticillata and Halimeda tuna (the most common macroalgal species in the back reef habitat) and algal turf, a diverse assemblage of filamentous algae that constitutes the majority of parrotfish diets (Lewis 1986 ). Large sand particles were removed from algal samples before drying, but no effort was made to remove any turf-associated detritus. Common macroborers were excavated from field-collected P. astreoides colonies: endolithic barnacles were dissected out of their valves and worms were removed from their tubes. These samples were dried at 60°C and transported to Boston for elemental analysis. All samples were analyzed with a NC-2500 Elemental Analyzer (CE Elantech) and run against an apple leaf standard. C:N ratios were compared among dietary components using a non-parametric KruskalWallis test followed by Dunn's multiple comparisons, as data were found to be heteroscedastic.
There has been some suggestion that coral-associated macroborers might increase the nitrogen content of host coral tissue. For example, nitrogen and phosphorus excreted by the barnacle Savignium milleporum is taken up by zooxanthellae in the hydrocoral Millepora dichotoma, and leads to increased coral growth rates (Cook et al. 1991 , Achituv & Mizrahi 1996 . To investigate whether macroborers locally enhance nitrogen content of the surrounding Porites astreoides coral tissue, we compared the C:N ratios of coral tissue directly adjacent to macroborers of different types with coral tissue without macroborers. In January 2005, P. astreoides tissue samples were taken directly adjacent to each macroborer type (endolithic barnacles, serpulid polychaetes, vermetid mollusks; 10 samples of each macroborer type were taken, 1 from each of 10 colonies) and from 10 colonies without macroborers. These coral tissue samples were dried at 60°C for elemental analysis as described above. We first used ANOVA to examine differences in C:N between coral tissue sampled adjacent to 3 macroborer groups (endolithic barnacles, serpulid polychaetes, and vermetid mollusks). As these groups did not differ (ANOVA F = 1.643; df = 2, 28; p = 0.211), we pooled macroborers together and used a t-test to compare colonies with versus without macroborers.
RESULTS

Coral mortality due to parrotfish predation
A survey of parrotfish grazing incidence on live Porites astreoides colonies across reef habitats indicated that grazing incidence varied across habitats (Table 1) , with no clear relationship with water depth.
The highest grazing incidence on P. astreoides was found in the low spur and groove habitat (10 m depth), followed by the inner reef slope (18 m) and back reef (1 m) habitats. Parrotfish predation was not uniformly distributed; within the back reef habitat, the percentage of tissue removed from colonies by grazing varied widely (Fig. 2) . Thirty-five percent of colonies had lost less than one-quarter of their live tissue (n = 31 colonies, minimum grazed area = 6.5 cm 2 ), while 48% of colonies showed a loss of more than half their live tissue to recent parrotfish grazing.
In a more extensive survey conducted in the back reef habitat of all (live and dead) Porites astreoides (n = 2769 colonies, Table 2 ), many colonies showed partial mortality due to parrotfish grazing (e.g. Fig. 3A) , while more than 10% of colonies showed complete mortality due to parrotfish grazing (e.g. Fig. 3C ). Of 27 recently grazed colonies that were photographically monitored, most showed little coral regrowth over parrotfish grazing scars after 7 mo. Five colonies showed some coral tissue regrowth along the margins of the grazing scar, while grazed areas in the remaining colonies were colonized by algal turf (Fig. 3B,D 
Macroborer density and nutritional quality of grazed versus intact corals
Significantly greater macroborer density was found in grazed compared to intact portions of the same Porites astreoides colonies ( Fig. 4A ; mean difference ± SE = 0.018 ± 0.006 macroborers cm -2 , paired t-test = 2.864, n = 39, p = 0.007), indicating increased likelihood of parrotfish grazing in areas with higher macroborer density within a colony. For between-colony comparisons (not adjusted for colony size), more macroborers were also observed in grazed P. astreiodes colonies (Fig. 4B ), although this difference was not significant (mean difference ± SD = 0.818 ± 4.976 macroborers colony -1 , paired t-test = 0.545, n = 11, p = 0.597). Porites astreoides coral tissue nutritional quality, measured as C:N, was not significantly different between adjacent grazed and intact colonies ( Fig. 5 ; mean difference ± SE = 0.016 ± 0.271, paired t-test = 0.060, n = 13, p = 0.953). In addition, P. astreoides coral tissue taken directly adjacent to macroborers exhibited C:N ratios that did not differ significantly compared to coral tissue from colonies without macroborers (with macroborers: mean ± 1 SE = 9.596 ± 0.171, n = 30; without macroborers: mean ± 1 SE = 9.787 ± 0.309, n = 10; t-test, t = 0.549, p = 0.586).
Nutritional quality of possible dietary components
Overall, C:N ratios differed significantly among several possible components of parrotfish diets, including Porites astreoides colonies, macroborers, and algae ( Fig. 6 ; Kruskal-Wallis = 43.236, df = 7, p < 0.0001). Macroboring serpulids, vermetids, and barnacles had similarly low C:N ratios (Dunn's multiple comparisons, all p > 0.50), with serpulids possessing significantly lower C:N ratios (higher nitrogen content) when compared to both grazed and intact P. astreoides (Dunn's multiple comparisons, both 0.02 < p < 0.05). Serpulids and vermetids had significantly lower C:N ratios compared to any algal types examined (Dunn's multiple comparisons, all p < 0.01). Barnacles did not differ from any of the other food types (all p > 0.10), likely due to highly variable C:N ratios.
DISCUSSION
Although there have been numerous anecdotal reports of coral predation by parrotfishes (Darwin 1842 , Frydl & Stearn 1978 , Frydl 1979 , surprisingly few studies have examined the patterns or the consequences of parrotfish predation on reef corals. While Indo-Pacific coral reefs support a more diverse corallivorous fish fauna (Hixon 1997) , this functional group is dominated by parrotfishes in the tropical western Atlantic. The present study has made several new contributions to our understanding of parrotfish corallivory in coral reef communities. Our results demonstrated that parrotfish predation has a direct adverse effect on coral survival, based on the incidence and extent of parrotfish predation on the common Caribbean coral Porites astreoides. In a Belizean back reef habitat, more than 13% of P. astreoides colonies showed partial or complete mortality due to parrotfish grazing, with little coral recovery after 7 mo. The absence of coral recovery following parrotfish grazing is consistent with previous studies that found minimal tissue regeneration of artificial lesions on P. astreoides (Bak & Steward-Van Es 1980) . Our present research indicated that parrotfish predation may represent a chronic source of mortality for some Caribbean reef corals. We also demonstrated that parrotfishes prey selectively on particular colonies within a coral species: within a single habitat some Porites astreoides colonies are heavily grazed while others remain intact (Fig. 2,  Table 2 ). Previous studies have shown selective feeding on particular coral species by butterflyfishes (Neudecker 1979) , pufferfishes (Grotolli-Everett & Wellington 1997), and parrotfishes (Littler et al. 1989 , Miller & Hay 1998 , Garzon-Ferreira & Reyes-Nivia 2001 . Taken together, these studies indicate that fish predation can be an important source of coral mortality , Halimeda (n = 3), and turf algae (n = 5); macroborers: serpulid polychaetes (n = 9), vermetid mollusks (n = 4) and endolithic barnacles Ceratoconcha domingensis (n = 8); and Porites astreoides coral: intact (n = 13) and grazed (n = 13) colonies. Bars are mean ± SE; letters designate homogenous subgroups from Dunn's multiple comparisons tests in many geographic regions. Our results support a novel explanation for selective corallivory within a given coral species. We found that parrotfishes selectively targeted particular areas of P. astreoides colonies with higher densities of macroboring organisms (Fig. 4) . In contrast, we found no support for the hypothesis that parrotfishes selectively graze P. astreoides colonies with higher nutritional quality (Fig. 5) .
We also found no evidence that macroborers enrich the nitrogen content of surrounding coral tissue, which suggests that parrotfishes may be attracted to the macroborers themselves rather than to the surrounding coral tissue. Considerable previous work has established that boring organisms are major contributors to the bioerosion of carbonate substrates in coral reef ecosystems (Highsmith et al. 1983 , Hutchings 1986 , Macdonald & Perry 2003 . Our work suggests that boring organisms may place reef corals in double jeopardy, not only by eroding coral skeletons but also by attracting parrotfish grazers. Although it is as yet undetermined whether macroborer presence increases fish predation on other coral species, a similar phenomenon of coral predators targeting areas of high macroborer density has been noted in Moorea for the Indo-Pacific coral Porites lobata (P. Edmunds pers. comm.). Our findings suggest that parrotfishes may target coral areas with high macroborer density for the nutritional benefits directly provided by the associated macrofauna. Parrotfishes have generally been classified as herbivores (Randall 1967 , Horn 1989 , Choat 1991 , which are likely to be nitrogen-limited (Mattson Jr 1980 , Choat 1991 , Bruggemann et al. 1994b ,c, Choat & Clements 1998 . However, recent work on IndoPacific parrotfishes suggests that certain herbivorous species might be more accurately classified as detritivores (Crossman et al. 2001 , Choat et al. 2002 , 2004 , Wilson et al. 2003 . It has also been suggested that consumption of detritus and associated microbes may provide considerable amounts of nitrogen to IndoPacific parrotfish diets (Choat & Clements 1998 , Crossman et al. 2001 , Wilson et al. 2003 . Although the relative importance of detritus to Caribbean parrotfish diets has not yet been examined, there is evidence that nitrogen content can affect parrotfish food choice. Recent work has shown that the Caribbean seagrass parrotfish Sparisoma radians selectively targets nitrogen-enriched Thalassia testudinum blades (Goecker et al. 2005 ). In our study, serpulid polychaetes were the only macroborer containing significantly more nitrogen than coral tissue or algae (Fig. 6) ; nevertheless, these results suggest that macroborers could be a potentially valuable food source for Caribbean parrotfishes. A major limitation of the present study is that we did not directly observe macroborer consumption by parrotfishes, which could be addressed using remote videography in future studies.
An alternate explanation that has been proposed for selective coral grazing by Sparisoma viride is that terminal-phase males may graze particular corals in order to mark their breeding territories (Bruggemann et al. 1994b , van Rooij et al. 1995 . However, the present study does not support this explanation for selective corallivory on Porites astreoides. The shallow back reef habitat of Carrie Bow Cay supports large foraging schools of mainly initial phase adult S. viride (Lewis & Wainwright 1985 , Lewis 1986 . Even though this is not a breeding habitat for S. viride, some P. astreoides colonies were extensively grazed by parrotfishes. Furthermore, low grazing incidence on P. astreoides was found in reef habitat such as the outer ridge, where high reproductive activity would be expected. Thus, while we cannot rule out territory marking as an explanation for selective parrotfish corallivory in some situations, our findings are not consistent with this explanation.
Other potential explanations for selective grazing by parrotfishes include differences in coral skeletal density (Littler et al. 1989 , Bruggemann et al. 1996 , as well as other morphological and chemical coral defenses. However, among several Caribbean corals, no correlation is apparent between live coral skeletal density (Highsmith 1981) and parrotfish grazing incidence (Littler et al. 1989 , Garzon-Ferreira & Reyes-Nivia 2001 . Additionally, since Porites astreoides skeletal density shows little intraspecific variation (Highsmith 1981) , it is unlikely to account for the selective grazing both among and within colonies as demonstrated. Some corallivorous fishes may be deterred by other coral defenses. For example Chaetodon multicinctus, an Indo-Pacific butterflyfish, has been shown to discriminate among P. compressa colonies based on differences in defensive nematocyst density (Gochfeld 2004 ). However, parrotfishes may not be easily deterred by nematocyst defenses, based on anectodal accounts of Sparisoma viride grazing on Millepora fire corals (Frydl 1979) . As suggested by Miller & Hay (1998) and Harvell (1999) , interspecific or intraspecific differences in coral chemical defenses against predators may also contribute to parrotfish feeding selectivity.
Coral reefs are highly diverse communities with complex trophic interactions, and at least some parrotfishes appear to play multifaceted roles in reef dynamics (Miller & Hay 1998) . When parrotfishes forage on seaweeds, they provide an indirect benefit to corals, increasing coral survivorship and recruitment by removing competitively superior algae (reviewed by Hixon 1997) . Conversely, our research demonstrated that parrotfish predation could have direct detrimental effects on reef-building coral species. Because of their large size, high mobility, and powerful beak-like dentition (Bellwood & Choat 1990 ), excavating parrotfishes have the potential to exert major effects on coral reef community structure. Additional studies are needed to examine if and how patterns and consequences of parrotfish corallivory vary across habitats and among geographic regions.
